Flow of steel in a one-strand slab tundish equipped with a turbulence inhibitor (TI) and a transversal gas bubbling curtain was studied using mathematical simulations, PIV measurements and Residence Time Distribution (RTD) experiments in a water model. The use of a bubbling curtain originates two recirculating flows, upstream and downstream at each of its sides. The first one meets, at some point along the tundish length and close to the bath surface, the downstream that is driven by the TI. After, free shear stresses provided by the upstream make the downstream be directed toward the tundish bottom forming a bypass flow. At the other side, in the outlet box, there is strong recirculating flow which impacts the end wall and goes directly toward the outlet. Two-phase flows simulated mathematically matched experimental flow fields measured with PIV measurements. Tundish performance for inclusions flotation is maximized when only the TI is used followed by using only the bubbling curtain. Increases of gas bubbling flow rate increase the mixing processes in the tundish according to the RTD determinations.
Introduction
During the last years control of steel flow in tundishes has been performed through the employment of dams, weirs, impact pads and the like devices. 1) More recently turbulence inhibitors have successfully replaced all those traditional flow controllers because, in addition to all flow parameters controlled by conventional devices, they are able to kill melt turbulence in the pouring box decreasing air pickup, slag entrainment and bath surface instability. Due to these advantages turbulence inhibitors are also very effective to perform grade change operations at very small steel levels without the risk of breakouts at the caster. [2] [3] [4] [5] Another approach, different to those so far mentioned here, is the bubbling of argon gas from the tundish bottom in order to enhance the tundish capability to float out inclusions. Yamanaka et al. investigated the tundish using argon bubbling through porous plugs. They claim a 50 % improvement in the removal of inclusions in the 50 to 100 mm range. 6) Other industrial experiences report that argon bubbling in the tundish is helpful to decrease the population of inclusions in the final product. 7, 8) Marique et al. 9) tested gas bubbling in a two-strand bloom tundish with six tones capacity using a pipe distribution system embedded in the monolithic refractory lining. The holes in the pipe were 2 mm diameter and were spaced every 100 mm. An argon flow rate of 3 Nm 3 /h was used during the casting time. They reported a decrease of inclusions of 25-50 % though maintenance of the porous life was difficult.
On line with the state of the art summarized above three main research objectives emerge; an assessment of the bubbling tundish as an inclusions floater, the performance of a combined arrangement of the two devices i.e., turbulence inhibitor plus bubbling and the implications of bubbling flow rate on fluid velocity fields. In order to reach these objectives modern analytical tools like mathematical simulation, water modeling and velocity fields determinations through Particle Image Velocimetry (PIV) technology are applied in this research. The next lines describe the experimental development, the analytical measurements, the analysis and conclusions related with bubbling and its effects on fluid flow patterns of liquid steel in a tundish.
Experimental Procedure
A typical through type tundish of a Brazilian one-strand slab caster was chosen to perform this work and for that purpose a 2/5 scale model made of plastic with the geometric dimensions shown in Figs. 1(a) and 1(b) was built. Residence Time Distribution (RTD) curves were determined through the typical pulse input signal technique using a red dye tracer. 5, 10) The output signals were recorded in a PC equipped with a data acquisition card. To model the gas curtain a strip 2.3 cm wide and 22 cm long of balsam wood was placed in the position indicated in Fig.1 . This strip has a pre-chamber below its lower surface, 0.4 cm thick made of painted steel sheet where air is introduced through a small tube with a diameter of 0.2 cm. Flow rate of gas was metered by a flow meter with a capacity from 0 to 1 200 cm 3 /min. Figure 2 shows the geometric dimensions of the turbulence inhibitor.
In addition to the tracer dispersion measurements fluid flow was also monitored using a Particle Image Velocimetry Technique (PIV). A green frequency double pulsed Nd : YAG laser with a wavelength of 532 nm was employed. In order to obtain short bursts of light energy, the lasing cavity is Q-switched so that the energy is emitted in 6-10 ns bursts opposed to pulses of 250 ms, which is the duration of the exciting lamp in the laser cavity. Output energy from the laser is 20 mJ of Nd : YAG laser from the fibre bundle. This energy is increased with light guides that can transmit 500 mJ of pulsed radiation with an optical transmission that is greater than 90 % at 532 nm. Interrogation areas of 1ϫ1 mm in the flow were scanned with a resolution of 32ϫ32 or 64ϫ64 pixels.
The laser light was placed in a desired plane by means of a computer-controlled positioner with three-dimensional (3-D) movements to send a longitudinal laser-sheet located in the axial-symmetrical plane of the tundish. In order to follow the fluid flow the fluid was previously seeded with polyamide particles with a density of 1 030 kg/m 3 and 20 mm of diameter. A cross-correlation procedure using, Fast Fourier Transforms (FFT), allowed to process the recorded signals and a Gaussian distribution function was used to determine the location of the maximum of the peak displacement with sub-pixel accuracy. The signals were detected by a Sony coupled charged device (CCD) and the recordings were processed through a commercial Flow Map software in order to obtain the vector velocity fields and other derived parameters.
Vorticity fields of the flow patterns were derived from the velocity fields, as determined by the PIV measurements, using a finite center difference scheme, 11) ... Table 1 shows the experimental program.
Theory of Multiphase Flows

Eulerian-Eulerian Model
The bubbly flow was simulated using an EulerianEulerian model 12) where water was considered as the primary phase (l) and air as the secondary one (g). In this model the continuity and momentum equations for each phase have to be solved together with a suitable turbulence model for each phase. In the present work the k-e model 13) was employed for the primary phase, while turbulence of the secondary phase was modeled through the k-e equations of the liquid phase. (8) where the indices i and jϭ1,2 and 3 represent x, y and z directions, respectively; u i ϭ(u, v and w) are the velocity components in these three directions; the subscripts l and g denote liquid an gas phases, respectively; a is the volume fraction; r is the fluid's density, m l and m t are the molecular and turbulent viscosities. Repeated indices imply summation. Since the liquid density is two or three orders of magnitude higher than the gas density the turbulence modeling of the gas phase was simplified by considering only the equations of the turbulent kinetic energy and its dissipation rate of the continuous phase. This procedure simplifies considerably the computing effort.
The second terms in the right hand side members of Eqs. (7) and (8) are the momentum transfer interaction amounts between both phases expressed through their relative velocity fields and K gl is usually known as the interphase momentum-exchange coefficient. 14) This term can be interpreted as the drag force between phases due to their relative movement. This coefficient is given by;
.......... (9) where (11) The third terms on the right hand sides of Eqs. (7) and (8) are the stress strain tensors of the qth phase, which was considered using the Boussinesq approximation 15) using the fluctuating Reynolds stresses: (12) where m e is the sum of the molecular and turbulent viscosities, m e ϭm l ϩm t and the turbulent viscosity is calculated using the turbulent kinetic energy and the dissipation rate of the kinetic energy of the continuous phase l, (13) The last terms in the right hand sides of Eqs. (7) and (8) provide the buoyancy driven momentum transfer by the loss of density in the two-phase flow. The turbulent equations for the kinetic energy and its dissipation rate for the liquid phase are: The signs P k l and P e l represent the influence of the dispersed phase (gas) on the continuous phase l. The previous equations contain five empirical constants that produce rea-
sonable results in a wide field of applications, their standard values are as follows 13) :
.92, C m ϭ0.09, s k ϭ1.00 and s e ϭ1.30.
Eulerian-Lagrangian Model
Inclusion trajectories were calculated using a Lagrangian particle tracking approach, 16) which solves a transport equation for each inclusion as it travels through the previously calculated flow field of water and air using the EulerianEulerian approach. The mean local-inclusion velocity components (ū i ) needed to obtain the particle path are calculated from the following balance which includes the drag and buoyancy forces relative to water;
................. (16) To simulate the chaotic effect of the turbulence eddies on the inclusion trajectories, a discrete random-walk model was applied. 17) In this model, a fluctuant random-velocity vector (uЈ I ) is added to the calculated time-averaged vector (ū i ) in order to obtain the inclusion velocity (u i ) at each time step as "i" travels through the fluid. (17) where z is a random number, normally distributed between Ϫ1 and 1, which changes at each integration step. For Lagrange modeling initial conditions for velocities of inclusions were the input velocity of water thorough the shroud, for those inclusions that take contact with the bath surface a trap boundary condition was used, it implies that the calculations for determining the trajectories are stopped, through this procedure the absorption of inclusions by slag can be simulated and finally those inclusions that impact the walls are assumed to obey elastic reflection. No attachment mechanisms of inclusions on the bubbles surfaces were assumed, see Ref. 18 ) for further details. In this way the effects of liquid flow patterns affected by gas bubbling on the flotation phenomena of inclusions were isolated from other factors like particle's coalescence, wall adhesion of particles, etc. Ten simulations for each case of inclusions trajectories were performed including 500 inclusions for each one with a lineal size distribution from 1 to 100 mm. Then for each case shown in Table 1 the trajectories of 5 000 particles were calculated and the inclusions absorbed by the upper slag were considered as fractions of the total number of injected inclusions. Since the fluid simulated here is water, virtual inclusions with a density of 500 kg/m 3 were considered just to emulate the relationship of densities between alumina inclusions and liquid steel, which keep a density ratio of about 0.5. Density of water and its viscosity at room temperature are 1 000 k/m 3 and 0.001 Pa · s. These values were employed in the model for the continuous phase. Air density and viscosity at room standard conditions are 1.225 kg/m 3 and 1 · 79ϫ10 Ϫ5 Pa · s.
Initial and Boundary Conditions
Continuity and momentum transfer equations were simultaneously solved together with the k l and e l equations. Non-slipping conditions were applied at all solid surfaces. Wall functions 19) were used at nodes close to any wall. Gradients of velocity, turbulent kinetic energy and its dissipation rate were assumed zero on the bath surface and at all solid surfaces. Initial conditions for velocity, turbulent kinetic energy and its dissipation rate in the ladle shroud are given by, Equations (19) and (20) (21) where d o is the interior orifice diameter. The gas strip in the bottom of the tundish was divided in 1 mm squared mesh and the total gas flow rate was divided into half the number of squares leaving one square without gas and the other working like a tuyere. In every live cell with a gas flow rate, the size of the bubble was calculated using Eq. (21) and an equivalent gas velocity employed as the initial condition to couple the gas phase flow with water flow in the two-phase domain. The computing domain was divided into 250 000 hybrid cells using the Volume Finite Method 21) so that there was not the need for changing spatial coordinates. The governing equations were solved using the SIMPLEC algorithm. 21) This model was run in two Silicon Graphics Work-Stations and the results were stored in CD's for further analysis and presentations. Mathematical simulations included cases A, B, C, D, E, F and G such as is described in Table 1 .
Results and Discussion
Figure 4(a) shows the mathematical simulations of water flow in a 3D (three dimensional) view in the tundish model using only the turbulence inhibitor (TI), without the injection of air (Case A). Is clear that the TI decreases the exiting fluid velocities toward the outlets providing a plug flow throughout the vessel's volume. With this flow pattern gentle turbulence is produced, which may be suitable for floating inclusions. However, when air is bubbled with a flow rate of 596 ml/min the fluid flow pattern suffers radical changes by the generation of two recirculating flows at each side of the bubbling curtain as is seen in the 3D view of Fig. 4(b) . The origins of these recirculating flows are the shear stresses between both phases at the liquid-bubbles interfaces calculated through Eqs. (9), (14) and (15) . One of the recirculating flows, at the left side of the bubbling curtain, makes the fluid flow upstream with an opposing direction to the velocity vectors exiting from the TI, which go
downstream. At some point close to the bath surface both flows, upstream and downstream, meet and after this point the recirculating flow drives, by free shear stresses, the down streaming fluid below the bath surface, along the tundish bottom, forming a bypass flow. In the outlet box, on right side of the bubbling curtain, the recirculating flow is intensified due to the momentum transfer applied by the down streaming flows of the liquid onto the bubbling curtain. Recirculating flows with lower and higher intensities can be expected with gas flow rates of 240 and 913 ml/min, respectively. Simulation of path lines for both cases are presented in Figs. 5(a) and 5(b) where the difference of fluid flow patterns of both cases is clearly seen. When gas is bubbled, Fig. 5(b) , the path lines of the flow are directed toward the outlet following the recirculating flow.
To test the validity of these mathematical simulations flow fields at both sides of the bubbling curtain were calculated for gas flow rates of 240, 596 and 913 ml/min and the results are shown in Figs. 6(a), 6(b) and 6(c) , respectively.
These calculations are compared with the flow fields determined through PIV measurements shown in Figs. 7(a) , 7(b) and 7(c) for the mentioned flow rates of gas. The comparison indicates us that the mathematical simulations predict with reliability flow fluid of water in the tundish model. Vorticity measurements through the PIV technology for a gas flow rate of 596 ml/min are shown in Fig. 8(a) while Fig. 8(b) shows the corresponding vorticity map for the tundish without gas bubbling. Figures 9(a) and 9(b) show the corresponding path lines with and without gas bubbling, respectively. When gas is bubbled high positive vorticity, indicating counterclockwise rotational motion, are observed close to the bath surface at the left side of the gas curtain. On the other side, right one, the vorticity are high and negative indicating clockwise rotating motion close to the bath surface and decrease closer to the tundish bottom. No gas flow conditions clearly specify the non-existence of strong rotational fluid motions as is seen in the path lines of Fig.  9(b) . With turbulence inhibitor, (b) with TI plus a gas flow rate of 596 ml/min. Fig. 6 . Velocity fields of water under isothermal conditions obtained by mathematical simulation, the left side is before the air curtain and the right side is after the curtain, (a) gas flow rate of 240 ml/min (Case B), (b) gas flow rate of 596 ml/min (Case C) and (c) gas flow rate of 913 ml/min (Case D). Simulation of velocity fields at the axial-longitudinal plane of the tundish are shown in Figs. 10(a), 10(b) , 10(c) and 10(d) for no gas flow, and flow rates of 240, 596 and 913 ml/min (Cases A, B, C and D), respectively. As was mentioned above, first gas bubbling changes the fluid flow patterns due to the shearing of liquid by gas at the gas-liquid interfaces. Second when gas flow rate is increased the upstream flow of liquid at the left side of the bubbling curtain is intensified annihilating to some degree, depending on flow rate of gas, the down streaming momentum provided to the liquid by the TI. Distribution patterns of volume fractions of the gas phase at the same plane are presented in Figs. 11(a) , 11(b) and 11(c) for the flow rates of gas of 240, 596 and 913 l/min, respectively. As can be seen the bubbling curtain is bent by the downstream liquid toward the outlet box and gas bubbles are entrained into the liquid until the end wall. However, gas phase is also entrained by the liquid flowing upstream and the volume gas fractions upstream are able to reach the ladle shroud when the flow rates of gas are high. Velocity fields in a plant view close to the bath surface for a tundish without gas flow and with gas flow rates of 596 and 913 ml/min are shown in Figs. 12(a) , 12(b) and 12(c), respectively. In Fig. 12(a) fluid flows downstream following a symmetric pattern, close to the outlet, at the level of the half dams, the velocity is increased due to the narrowing central space left by those dams. In Figs. 12(b) and 12(c) is evident that the liquid flows downstream following recirculating flows also in the horizontal planes so actually gas bubbling provides a complex flow of axial and vertical mixings decreasing the fraction of plug flow observed for the tundish with only the TI as is reported in Fig. 4(a) . These results demonstrate also that the liquid flow bends in a non-symmetrical way the bubble curtain. Consequently, the flow is non-symmetrical in the horizontal Fluid flow parameters derived from the experimental RTD curves are shown in Table 2 where is seen that increasing the flow rate of the bubbling gas decreases the plug volume fraction and increases the mixing fraction of the liquid phase and this is in total agreement with the flow patterns mathematically simulated and physically determined through PIV measurements. Increasing the flow rate of gas increases the length and magnitude of the recirculating flows in the volumes located at both sides of the bubbling curtain and the vertical and horizontal mixing processes.
Visual representations for trajectories of ten particles with a lineal size distribution from 5 to 50 microns for the cases of the tundish using the TI, the TI plus a gas bubbling flow rate of 596 ml/min and the bare tundish are shown in Figs. 14(a), 14(b) and 14(c) , respectively. Apparently the first case is more efficient for floating inclusions followed by the second and third cases. Massive simulations of particles trajectories lead to the results shown in Fig. 15(a) for ten simulations, each one with 500 particles, as was described above in the Lagrange simulation model. In that Figure is seen that the tundish with only the TI renders the highest performance to float and absorb inclusions and the bare tundish yields the worst one. Is also interesting to see that a gas flow rate of 596 l/min with the half dams and without the TI yields the second best system to flout out inclusions. The combination of TI plus gas bubbling worsens with increases of gas bubbling flow rate due to the intensification of the recirculating flows already discussed. Figure  15 (b) summarizes the results presented in Fig. 15 (b) allowing a clearer view about the performances of the seven cases for inclusions flotation processes.
Conclusions
A one-strand slab tundish was mathematically simulated and water modeled to study the influence of gas bubbling curtains on the fluid flow patterns produced by turbulence inhibitors. The study included the bare tundish, the employment of half dams and the combination of half dams with gas bubbling without a TI. The main conclusions drawn from this study are as follows:
(1) The mathematical simulations describe well the actual two-phase flows in the tundish since its results match with experimental flow fields determined through PIV technology.
(2) A combination of a TI with gas bubbling derives in complex recirculating flows of liquid with vertical and horizontal mixing processes that originate bypassing streams toward the outlet. Higher flow rates of gas lead to decreases of plug flow fraction of the fluid inside the vessel.
(3) The best results, for the purpose of inclusions flotation, are obtained for a tundish with the TI followed by gas bubbling, with 596 ml/min and with the half dams and without the TI. The worst case, for the same objective, is the bare tundish.
(4) Thus gas bubbling itself yields very good results for floating inclusions but is not superior to a well designed TI for the same purpose.
(5) A tundish without gas bubbling and without a TI but equipped with half dams provides acceptably high performances for inclusions flotation. If optimum flotation conditions are not required the simple arrangement of half dams is acceptable. 
